sponse to anaerobic growth, with 245 transcripts up-regulated and 446 transcripts down-regulated (supplemental Table A at http://www.urmc.rochester.edu/smd/mbi/bhi/). Those transcripts (n ϭ 153) demonstrating a threefold or higher change are listed in Table 1 and grouped into functional categories (supplemental We found numerous genes with expression patterns consistent with anaerobic growth and previous reports, such as the repression of napBAD, napF (17, 32) , hcnAC (20) , flgB, flgE, flgI, flgL, fliC, fliD, fleS, fleR, fliE, fliF, fliM, flhA, and flhF (10) and increased expression of hemF (22) (supplemental Table A at http://www.urmc.rochester.edu/smd/mbi/bhi/).
Many genes involved in quorum sensing (lasR, lasA, lasB, rhlR, rhlI, rhlA, and mvfR) were repressed under oxygen limitation. Consistent with reduced mvfR expression, transcripts involved in the biosynthesis of the Pseudomonas quinolone signal (pqsB and pqsE) and anthranilate synthase components I and II (phnAB) (4) were decreased.
Genes involved in cytochrome c maturation, ccmB, ccmC, ccmE, and ccmF, were up-regulated under anaerobic conditions, which is consistent with observations of Escherichia coli (24) . Additionally, transcript levels for PA5491 (a probable cytochrome) were increased, suggesting that this previously uncharacterized cytochrome may play a role in anaerobic respiration. Transcript levels for several other putative cytochromes (PA0918, PA1555, PA1556, PA2266, PA2482, PA3331, PA4571, and PA4619) were repressed, suggesting that they may not be required for anaerobic respiration.
Our data implicated many novel genes in anaerobic growth. There were 284 transcripts classified as genes encoding hypothetical proteins differentially expressed under anaerobic conditions. Several genes which play a role in virulence (PA0930) (21) or biofilm formation (PA2128, PA2129, and PA2130) (25) were induced during anaerobic growth.
Differential gene expression in response to nitrate. In contrast to previous studies (32) , no significant changes were observed (Table 1) for most of the genes involved in denitrification (nar, nir, nos, and nor), suggesting that nitrate may induce their expression. This is supported by the capacity of P. aeruginosa for aerobic denitrification (5) and aerobic Nir activity when nitrate is available (1, 13) . Many denitrification genes are Table B at http://www.urmc.rochester.edu/smd/mbi/bhi/). The 266 genes demonstrating a threefold or greater change are listed in Table  2 . Functional categories are shown in supplemental Fig. C at http://www.urmc.rochester.edu/smd/mbi/bhi/. The transcription of narI was up-regulated by the presence of nitrate, while narG, narH, and narJ were not found to be statistically differentially expressed. napB, napA, napD, nosRDFYL, and nirS exhibited increased expression in the presence of nitrate. Other genes encoding proteins either implicated (PA0513, PA0514, PA0516, PA0518, and PA0521) or known to be involved (nirL, nirM, nirN, and nirF) in the processing of respiratory system components were up-regulated in response to nitrate. Our results indicate that nitrate alone is sufficient to induce the expression of many enzymes involved in denitrification regardless of the presence or absence of oxygen and explain the apparent lack of differential expression of some of these genes in our anaerobic experiments.
The expression of a number of genes involved in the production of virulence factors of P. aeruginosa were influenced by the addition of nitrate. For example, while mexAB and rhlAB expression were repressed by nitrate, mexF was up-regulated. Transcription of a recently described chemotaxis cluster (PA0174-0179) found to be required for optimal chemotaxis (6) and aerotaxis (11) was induced by the nitrate. The R-type pyocins (PA0614 to PA0646) (18) were induced by nitrate. We also observed differential expression of 306 transcripts which currently do not have defined functions. Importantly, a couple of transcripts (PA0459 and PA5167) have been previously found to be required for lung infection (21) .
Consistent with previous reports for Escherichia coli (23), Shewanella oneidensis, and Bacillus subtilis (3, 30), we found that P. aeruginosa significantly changes its transcriptional profile in the absence of oxygen or in the presence of nitrate. It should be noted that our results are biased towards using nitrate as the terminal electron acceptor, and using other nitric oxides or arginine may affect other genes.
Our results provide a global view of oxygen-regulated gene expression in P. aeruginosa and illustrate the complex regulation of anaerobic metabolism in this organism. Changes in genes encoding virulence factors and quorum-sensing components implicate altered pathogenic pathways during anaerobic growth. Our identification of a substantial number of genes encoding proteins of unknown function should contribute to further annotation of the genome and provide impetus for further research on the role of these genes in P. aeruginosa physiology and metabolism. a Only transcripts identified as anaerobically regulated that demonstrated a change of equal to or greater than threefold are reported. A list of all transcripts identified as being anaerobically regulated exhibiting a statistically significant change (P Յ 0.05) is available online (http://www.urmc.rochester.edu/smd/mbi/bhi/). Genes are identified by transcript number, gene name, and protein description (http://www.pseudomonas.com).
b The change (n-fold) was calculated by comparing PAO1 grown aerobically with nitrate present (baseline) to PAO1 grown anaerobically with nitrate present (experimental). A positive change represents an induction caused by the lack of oxygen, and a negative change represents repression caused by the lack of oxygen. When two values are given, the first is for the ML phase and the second is for the ES phase.
c Growth stage(s) during which statistically significantly differential transcript expression was observed. ML, midexponential phase; ES, early stationary phase; B, both midexponential and early stationary phases. a Only transcripts identified as nitrate regulated that demonstrated a change of equal to or greater than threefold are reported. A list of all transcripts identified as being nitrate regulated exhibiting a statistically significant change (P Յ 0.05) is available online (http://www.urmc.rochester.edu/smd/mbi/bhi/). Genes are identified by transcript number, gene name, and protein description (http//www.pseudomonas.com).
b The change (n-fold) was calculated by comparing PAO1 grown aerobically lacking nitrate (baseline) to PAO1 grown aerobically with nitrate (experimental). A positive change represents induction caused by the presence of nitrate, and a negative change represents repression caused by the presence of nitrate. When two values are given, the first is for the ML phase and the second is for the ES phase.
c Growth stage(s) during which statistically significantly differential transcript expression was observed. ML, midexponential phase; ES, early stationary phase; B, both midexponential and early stationary phases.
d Protein descriptions are from the Pseudomonas Genome Project website (www.pseudomonas.com). CoA, coenzyme A; FAD, flavin adenine dinucleotide; MSF, major facilitator superfamily; ABC, ATP-binding cassette; FMN, flavin mononucleotide.
